Charmonium directed flows are studied based on transport model coupled with the realistic three dimensional expansions of the bulk medium. The non-central symmetric nucleus-nucleus collisions can generate the rotating quark-gluon plasma (QGP) with symmetry-breaking longitudinal distributions. In √ sNN = 200 GeV Au-Au semi-central collisions, charmonium are primordially produced in the initial hard process, they are mainly dissociated by the initial tilted source with high temperatures and then move out of the bulk medium to keep the early information of the medium. Charmonia are less affected by the hydrodynamic expansions of QGP where its tilted shape is being diluted. This biased dissociation can generate directed flows of J/ψ and ψ(2S) which are much larger than the values of light charged hadrons and open heavy flavor. They are sensitive and clean to the effect of QGP rapidity-odd initial energy densities.
It's well known that a strong electromagnetic field and a strong vorticity field can be generated in the noncentral relativistic heavy ion collisions. Due to the coupling between the parton spin and vorticity field, some interesting effects about the polarizations of quarks and hadrons have been studied [1] [2] [3] . Theoretical and experimental studies show that the light charged hadrons [4] [5] [6] and open heavy flavor such as D-mesons [7, 8] carry nonzero directed flows from the anisotropic expansions of the bulk medium. The magnitudes of these effects induced by the vorticity field depend sensitively on the rotations of initial QGP in semi-central nucleus-nucleus (AA) collisions. The evolutions of rotating QGP can be simulated by the hydrodynamic model with an input of rapidityodd initial energy density in the longitudinal direction. This tilted magnitude of the energy density will be diluted by the hydrodynamic expansions. Heavy quarks are produced with symmetric distributions in forwardbackward rapidities in the early stage of AA collisions, they undergo the biased elastic scatterings with the tilted source to develop directed flows. The dragged movement by the QGP expansion will also contribute to the directed flows of charm quarks [4, 7] , which makes situations more complicated. The large uncertainty of heavy quark diffusion coefficient prevents further solid conclusions about D-meson anisotropic flows [9] .
Charmonium as a bound state was first proposed to be a probe of the deconfined phase in the early stage of relativistic heavy ion collisions [10] . They are mostly dissociated in the initial stage where medium temperature is higher. This makes them a sensitive probe for the shape of tilted source. In the later stage of QGP hydrodynamic expansions, charmonium momentum distribution is also not effectively changed by the elastic scat- * Electronic address: baoyi.chen@tju.edu.cn † Electronic address: zhao-jx15@mails.tsinghua.edu.cn terings with light partons because of charmonium large mass and zero color charge. This makes charmonium a relatively clean probe for the initial anisotropic deposition of the bulk medium. Neglecting the cold nuclear matter effects at the RHIC energy, primordial charmonia are produced symmetrically in forward-backward rapidity with isotropic transverse momentum distribution in Au-Au collisions. After experiencing biased dissociations in tilted source, the rapidity-odd distributions and transverse elliptic distributions of the initial QGP result in the directed and elliptic flows of charmonia respectively. These observables help to constrain the magnitude of the tilt in the longitudinal deposition of initial energy density in Au-Au collisions. Charmonium evolution in the hot medium has been widely studied with rate equation [11, 12] and Boltzmann transport model [13, 14] . Its phase space density is suppressed in the medium due to the charmonium decay. Hot medium dissociations result in the suppression of charmonium final yields compared with the situation of proton-proton (pp) collisions. Charmonium phase space evolution can be described by,
The left two terms describe the free movement of charmonium in phase space. v is the charmonium velocity. The right two terms represent hot medium modifications on f including dissociation (α-term) and regeneration (βterm) effects. In the hot medium, charmonium densities are suppressed by the medium dissociations with the decay rate α [13] ,
Where E T = m 2 ψ + p 2 T is the transverse energy, k and E g is the gluon momentum and energy. F gψ is the flux factor. The decay rate is proportional to gluon density f g and inelastic cross section σ gψ between gluon and charmonium. The form of inelastic cross section for charmonium ground state J/ψ in vacuum is calculated with the method of operator production expansion [15] . Its value at finite temperature is obtained by reducing the binding energy in the formula due to the color screening effect [16] , and the inelastic cross section for excited state (χ c , ψ(2S)) is obtained by the geometry scale, see the details in Ref. [17] . Meanwhile, within the deconfined phase, uncorrelated charm pairs produced in the hard process of initial hadronic collisions evolve randomly. They have a non-zero probability to recombine into a new bound state [18] , labelled with β in Eq.(1). The regeneration contribution is suppressed in non-central collisions and high p T region [19] , where charm pair number is small in QGP. The regeneration and dissociation rates are connected through detailed balance.
Charmonium primordial distribution as an input of Eq.(1) can be scaled from the distribution in pp collisions. The primordial distribution in the transverse plane is written as,
The centers of two nuclei are located at
is the thickness function of nucleus A(B). Nuclear density ρ A is taken as Woods-Saxon distribution. Charmonium differential cross section in √ s N N = 200 GeV pp collisions as a function of transverse momentum p T and rapidity y p is parametrized from the experimental data with the formula,
with n = 6.0, mean squared transverse momentum in the central rapidity is taken from the experimental data
with the charmonium maximum rapidity defined as y pmax = cosh −1 ( √ s N N /(2E T )) in pp collisions. Parameters in the rapidity dependence of charmonium cross section is fitted to be A = 0.75 µb, B = 0.61, C = 1.2 with the data in forward rapidities [20, 21] . Initial distributions of charmonium excited states are scaled from J/ψ distribution with a factor measured in pp collisions. As nucleus is accelerated to the speed of v N ∼ 0.9999c, nuclear shape is strongly Lorentz contracted in the longitudinal direction, charmonium primordial longitudinal distribution is sim-
After nuclear collisions, QGP needs a period of time τ 0 ∼ 0.6 fm/c to reach local equilibrium and to start transverse expansion. Both hydrodynamic models and transport equation Eq.(1) start from τ 0 . Before this time scale, charmonium is free streaming in the QGP preequilibrium stage. In the √ s N N = 200 GeV Au-Au semicentral collisions, the regeneration contribution is negligible at p T > 2 GeV/c [22] . With primordial charmonia produced at the very beginning of nuclear collisions, their dissociations mainly happen in the early stage of QGP which makes them sensitive to the initial anisotropic distribution of QGP energy densities. The nuclear shadowing effect is weak for heavy flavors at the RHIC colliding energies and neglected in this work.
In order to calculate the charmonium directed and elliptic flows, one needs to generate realistic QGP evolutions at √ s N N = 200 GeV Au-Au collisions. When two nuclei collide with each other, the nucleus moving with the positive (negative) rapidity tends to tilt the produced bulk medium to positive (negative) x with respect to the beam axis for positive (negative) z. To explain the rapidity spectra of charged particles in d+Au and Au+Au collisions, the initial tilted entropy density s(τ 0 , x T , η ) is parametrized with [5, 8] ,
where s 0 and the exponential term represent initial entropy density and the rapidity distribution to reproduce the rapidity spectra of final charged particles in AA collisions. N + part and N − part is the number of participants in the forward and backward rapidities respectively. N coll is the number of binary collisions. The initial entropy density comes from both soft and hard collision process with a fraction α 0 . The parameters are fixed to be α 0 = 0.05, η 0 = 1.0, σ = 1.3. The specific rapidity-odd distribution in entropy is introduced by the function f +,− (η ). It's taken as f + (η ) = ηT +η 2ηT
at −η T ≤ η ≤ η T , where η T controls the magnitude of the tilt of the initial QGP, fitted to be η T = 3.36 from d+Au collisions. f + (η ) = 0 and 1 when spatial rapidity is located at η < −η T and η > η T , respectively. The other function is determined with f − (η ) = f + (−η ). Different values of parameter η T will be taken, to provide different tilted backgrounds for charmonium evolutions. QGP initial energy distribution is plotted in Fig.1 . One can clearly see the tilt of bulk medium distribution in forward and backward rapidities, which will result in biased dissociations and directed flows for charmonia. QGP expansions are simulated with (3+1)D hydrodynamic model (MUSIC) followed by the crossover phase transition to the hadronic phase [23, 24] . Its equation of state is obtained with the interpolation between lattice data and a hadron resonance gas [25] .
Different from soft collisions, binary collision profiles are symmetric in forward and backward rapidities. Charmonium initial production from hard collisions is not tilted. Therefore, its distribution is shifted relative to the tilted bulk medium. As the tilted shape of the medium is more obvious in the early stage of QGP evolutions where charmonium dissociation effect is the strongest, charmonium bound states are sensitive to the early information of QGP compared with the observables such as light hadrons or open heavy flavors. The nuclear modification factors R AA of J/ψ and ψ(2S) based on this framework have been extensively studied and compared with the experimental data in Ref. [17, 26] .
In Fig.2 , charmonium directed flows integrated in different p T regions are compared with the charged particles. The impact parameter is set with b = 8.3 fm for the centrality 0-80%. In the high transverse momentum p T > 4 GeV/c, almost all of J/ψ and ψ(2S) are from the primordial production. In the figure, both J/ψ (thin black line) and ψ(2S) (thick red line) directed flows are several times larger than the value of charged particles measured by STAR, because charmonia are directly dissociated by the asymmetric source in the early stage where the tilted magnitude is the largest. Excited state ψ(2S) with smaller binding energy is easier to be dissociated in QGP, compared with the ground state J/ψ. ψ(2S) directed flow is larger than the v 1 of J/ψ and charged particles. Note that even the directed flows of both heavy flavor and charged hadrons are due to the tilted source in non-central AA collisions, their processes are different. For charged particles and D mesons, their directed flows are mainly from the drag of tilted bulk medium with hydrodynamic expansions [8] . Charmonium directed flows are dominated by the biased dissociations with inelastic scatterings and color screening effect in the QGP initial stage. In the later stage of QGP expansions, charmonium momentum distribution is less affected by the elastic collisions with QGP. For the lines with p T > 0 in Fig.2 , charmonium directed flows are smaller. As charmonium with smaller transverse velocity will stay longer inside the QGP. Hydrodynamic expansions will reduce the tilted magnitude of QGP, which makes charmonium biased dissociations not so obvious. For those charmonium with large momentum, they experience the initial tilted QGP and move out of the bulk medium quickly to keep the early information of the tilted source. Charmonium pT range is integrated in pT > 0 an pT > 4 GeV/c respectively with dashed and solid lines. Impact parameter is taken as b = 8.3 fm for the centrality 0-80%. Charged hadron directed flow is also included for comparison: theoretical calculation with hydrodynamic model is cited from Ref. [8] , experimental data is from STAR measurements [27] .
To show that charmonia with larger p T can keep more early information of the tilted source, we plot charmonium v 1 (p T ) in Fig.3 . The magnitude of charmonium v 1 increases with p T . This is consistent with Fig.2 . As charmonia suffers the biased dissociations in positive-and negative-x-direction from the initial QGP and move out of the medium quickly, this makes charmonium |v 1 | and v 2 increase with p T , and this effect saturates at p T ∼ 5 GeV/c. In Fig.3 with fixed η = −2.4, charmonium directed flow is even larger than the elliptic flow, which may be potentially measurable in experiments. charm quarks. However, J/ψ and ψ(2S) as a bound state of cc dipole, carry zero net electric and color charges. Its evolutions is less affected by the external fields, act as a relatively clean probe for the initial asymmetric distributions of the bulk medium in longitudinal direction and the transverse plane. In order to check the charmonium directed flows with different tilted QGP, the parameter for the magnitude of tilt in initial longitudinal distribution of energy density is shifted to be η T = 2 (for larger tilted medium) and η T = 4 (for smaller tilted medium). Both J/ψ and ψ(2S) directed flows are presented in Fig.4 . Their di-rected flows in high p T bin is more sensitive to the tilted effect. In the forward and backward rapidity |η| ∼ 2, prompt J/ψ and prompt ψ(2S) directed flows can reach 5% and 11% respectively at p T > 4 GeV/c, which are much larger than the situations of light charged hadrons v charged 1 ∼ 0.5%. In the medium with symmetric longitudinal distribution, charmonium directed flows drops to zero. These very clear signals of charmonium directed flows are the promising probes for the QGP initial tilted distribution in forward-backward rapidity in AA collisions. Confirming and measuring the charmonium directed flows can help to determine the magnitude of the tilt in initial QGP, which is important for the observables of open charm and charged hadrons.
In this work, we have applied a transport model to study charmonium directed flows in the tilted QGP with the symmetry-breaking longitudinal distribution produced in non-central Au-Au collisions at √ s N N = 200 GeV. In the semi-central collisions, most of charmonia are from the primordial hard process, especially for the high p T bin. In the early stage of QGP evolutions where its tilted shape is more clear, charmonium suffers stronger dissociations in the tilted bulk medium due to the high temperature. They experience biased dissociations in the transverse plane to obtain directed flows, and move quickly out of the bulk medium to keep the early information of the initial tilted source. This makes J/ψ and ψ(2S) directed flows several times larger than the charged hadrons. At p T > 4 GeV/c, median values of J/ψ and ψ(2S) directed flows can reach 3% and 7% in the backward rapidity. This relatively large and clear signal can be a promising probe to extract the early asymmetric deposition of QGP in the forward-backward rapidity in symmetric AA collisions.
